Under appropriate conditions, glutamine (Gln) is an essential nutrient for immunological responses, acting as a metabolic substrate for proliferation of enterocytes and lymphocytes, and having positive effects on the function of stimulated immune cells. Thus, specific components of both innate and adaptive immune systems of Nile tilapia were evaluated after supplementing Gln to cell culture media. Primary cell cultures of kidney leukocytes were used for respiratory burst and phagocytic activity assessment. The ability of macrophages to kill Streptococcus iniae also was evaluated. Additionally, a proliferation assay was conducted with peripheral blood lymphocytes (PBL) exposed to non-specific mitogens. Results showed that macrophage phagocytosis, anion superoxide production, and bactericidal capacity were significantly (P < 0.05) enhanced by Gln supplementation to the culture media. The proliferation of lymphocytes upon mitogenic exposure also was significantly (P < 0.05) enhanced by Gln supplementation to the media. Our results suggest that in vitro, different levels of Gln were necessary for optimal immunological responses of leukocytes and lymphocytes. As such, Gln supplementation was able to enhance and modulate both innate and adaptive responses of Nile tilapia leukocytes, highlighting its potential application as an immunonutrient.
Introduction
Aquaculture has witnessed a significant growth throughout the past few decades. Tilapia culture is following the same trend, being the second largest farmed finfish group in the world, which in 2015 represented 5.4% of global aquaculture production [1] . The rapid industrialization of tilapia production is in part attributed to scientific and technological advancements, as well as changes in the farming practices so that extensive and semi-intensive systems have been substituted by intensive systems [2] . As a result, fish are commonly subjected to marginal environmental conditions, high densities and regular handling practices, thus increasing the likelihood of disease and other adverse health effects. Infectious diseases can be considered a significant bottleneck to aquaculture's continuous expansion, causing severe economic losses in commercial fish farming worldwide [3] .
Addressing aquatic animal health issues has become an urgent requirement for sustaining the growth of aquaculture [4] . In this regard, essential research efforts have been made and must continue to prevent, control and mitigate the deleterious effects of infectious diseases. It is necessary to study and understand the fish immune system including components of both the specific and nonspecific immune responses, such as macrophages. These phagocytic cells belong to the first line of defense against invading organisms and act as a connecting bridge between the innate and adaptive immune system, by presenting the degraded components of pathogens as antigens to lymphocytes [5, 6] .
The activity of macrophages plays a vital role as part of the innate immune system through phagocytosis and consequently killing pathogens [7] . The functional capacities of those different cell types and humoral factors involved in fish defense have been investigated using a variety of in vitro assays. Such methods have been essential tools for understanding the complexity of the defense mechanisms, allowing for the assessment of potential effects of specific nutrients on the immune competence of fish [8] . However, information regarding how specific amino acids may modulate the functions of the fish immune system is still lacking [5] .
These compounds have a central role in the defense mechanisms because they are not only the building blocks of immune-related proteins, but also participate in the control of key immune regulatory pathways. In animal nutrition, arginine (Arg), cysteine (Cys), and glutamine (Gln) have received considerable attention, though other amino acids such as alanine (Ala), Glycine (Gly), methionine (Met), proline (Pro), serine (Ser), threonine (Thr) and tryptophan (Trp) are also involved in sustaining immunocompetence and disease resistance [9] . These amino acids and their products can regulate cytokine production (Arg, Gln); participate in the activation of T lymphocytes, B lymphocytes, natural killer cells and macrophages (Gln); modulate cellular redox state and antioxidant status (Arg, Cys, Gly, Met, Pro, Ser, Trp), gene expression (Arg, Gln, Met, Pro) and lymphocyte proliferation (Ala, Gln, Pro, Ser, Thr). Amino acids are also precursors for the biosynthesis of molecules involved in protein and DNA synthesis (Arg, Gln, Met, Pro), as well as the production of antibodies, chemokines, and other cytotoxic and signaling substances (Arg, Cys, Gln) [10] .
The effects of specific amino acids on the immune system of terrestrial species have been widely investigated, with proven immunomodulatory impact of Gln [11, 12] . As a major energy substrate for cells of the immune system [13] , Gln plays an important role in their function and homeostasis, participating in lymphocyte proliferation [14] , enhancement of phagocytic cell activity and bacterial killing [15] [16] [17] , immunoglobulin synthesis [16] , cytokine production [10] and T-cell responses [18] . In fish, the role of this amino acid in leukocyte metabolism is limited, and, contrarily to mammalians, it seems to be species-specific [5] .
A few studies have been undertaken to evaluate the effects of dietary Gln, either individually or combined with other amino acids, on the non-specific defense response of various fish species. Cheng et al. [19] reported that dietary Gln supplementation improved neutrophil oxidative radical production (NBT), superoxide anion production, and lysozyme activity in the kidney macrophages of red drum (Sciaenops ocellatus). Similar results were found in hybrid striped bass (Morone chrysops × Morone saxatilis) after an 8-week feeding trial [20] . Moreover, dietary Gln supplementation has been shown to increase lysozyme activity and serum levels of complement proteins C3 and C4 in juvenile hybrid sturgeon, Acipenser schrenckii × Huso dauricus [21] , young mirror carp, Cyprinus carpio L [22] . and Jian carp, Cyprinus carpio var. Jian [23] . Assessing the effects of Gln in vitro, Buentello et al. [24] demonstrated its essentiality as a metabolic fuel for channel catfish (Ictalurus punctatus) immune cells. In this study, culture media supplementation with Gln enhanced nitric oxide (NO) production by activated channel catfish macrophages. As to proliferation of cultured lymphocytes, there are conflicting data. Rosenberg-Wiser and Avtalion [25] reported that lymphocyte proliferation of carp is Gln-dependent. More recent data have shown that proliferation of channel catfish peripheral blood lymphocytes to non-specific mitogens was positively modulated when Gln was supplemented to the culture media. A comparable pattern also was observed for B and T cell proliferation [5] . However, different results were found by Ganassin et al. [26] with rainbow trout (Oncorhynchus mykyss) and by McBride and Keast [27] with snapper (Pagrus auratus), showing Gln-independent responses.
Considering the limited literature and the contrasting results obtained on the effects of Gln supplementation to the culture media of fish immune cells, we conducted a series of in vitro studies evaluating the effect of Gln on Nile tilapia leukocyte function. For such, we investigated its influence on phagocytosis and bactericidal capacity of activated macrophages and the lymphocyte proliferative response upon non-specific mitogenic stimulation. In addition, the amino acid consumption in the culture media was also assessed after bactericidal and proliferation assays in order to better understand the immunomodulatory capacity of Gln in both branches of the Nile tilapia immune system.
Material and methods

Fish
Healthy Nile tilapia with an average weight of 539 ± 41 g (mean ± SE) were held in an 1100-L round fiberglass tank as part of a recirculation system (flow of 1.1 L min −1 ) provided with a standard mechanical and biological filtration system. Fish were fed a commercial omnivorous fish diet with 32% crude protein and 5% crude fat, and sampled as needed. Before drawing blood, fish were anesthetized with tricaine methane sulfonate (MS-222, 100 mg L −1
, Tricaine-S, Western Chemical Inc., Ferndale, WA, USA) according to Popovic et al. [28] . Blood of six fish was drawn from the caudal vasculature with a heparinized syringe and used for peripheral blood lymphocyte (PBL) proliferation assays. Six more fish were euthanized with an overdose of anesthetic (MS-222, 250 mg L ) and head and trunk kidneys were aseptically excised and placed in cold incomplete culture media (sterile, described below) and pooled into a composite sample for the isolation of leukocytes.
Culture media
The culture media was prepared according to Pohlenz et al. [5] . Complete culture medium (CCM) consisted of Gln-free Leibowitz cell culture (L-15, cat #L5520, Sigma Aldrich) media, 50 units mL −1 of penicillin and 0.05 mg mL −1 of streptomycin plus 5% (cat #P0781, Sigma Aldrich) of bovine calf serum (BCS) (cat # 12133C, Sigma Aldrich). The control medium consisted of CCM without Gln supplementation. Based on previous studies with catfish macrophages [24, 29] , CCM was supplemented with L-glutamine (cat #G5763, Sigma Aldrich) at 0.5, 1.0, 1.5, 2.0 or 2.5 mM mL −1 .
Leukocyte primary culture
Leukocytes were isolated from head and trunk-kidney as previously reported [30] , with slight modifications. Briefly, head and trunk-kidney tissues were stored in L-15 2% and homogenized with a glass PotterElvehjem tissue grinder. The homogenized tissues were filtered through a 100-μm sterile nylon mesh, and the resulting cell suspension was centrifuged and washed with cold, sterile phosphate buffer saline (PBS, cat #P4417, Sigma Aldrich). The isolated cells were layered on a Percoll (cat #P1644, Sigma Aldrich) gradient (51% v/v) and centrifuged at 400 × g for 30 min. The cell layer at the interface was collected and washed two times with ice-cold phosphate buffer saline at 200 × g for 10 min. Leukocytes were enumerated using a hemocytometer, and viability assessed by Trypan blue staining and only used when cell survivability was higher than 95%. The cell suspension was adjusted to 2 × 10 7 cells mL −1 in L-15 with 0.1% FCS and 100 μl of leukocyte suspension was added per well in a sterile flat bottom 96-well microplate. The microplates were incubated at 27°C for 2 h to allow cell attachment. The primary culture media was then removed and substituted with Gln-supplemented media and incubated overnight for further use during respiratory burst and bactericidal assays. For the phagocytosis assay, five hundred microliters of the leukocyte suspension were added to microtubes and the aforementioned protocols for media exchange and incubation period were applied.
Respiratory burst
Respiratory burst activity of leukocytes was measured by extracellular and intracellular superoxide anion production as described by Secombes [30] . Briefly, 100 μl of cytochrome c solution (cat #C2506, Sigma Aldrich) (1.5 mg mL −1 , in phenol red-free PBS) containing phorbol 12-myristate 13-acetate (PMA, cat #P8139, Sigma, 1 μg mL
) was added to 12 wells per treatment. As a control, 100 μl of cytochrome c solution containing PMA and superoxide dismutase (SOD, 300 U mL The intracellular production of superoxide anion was estimated by the formation of formazan granules. A 100-μl aliquot of nitro blue tetrazolium (NBT, cat #N6876, Sigma Aldrich) (0.1% in PBS) was pipetted into 12 replicate wells and incubated at room temperature for 45 min. Leukocytes were washed twice with 100% methanol (MeOH) and fixed with 70% methanol. Formazan crystals were dissolved by adding 120 μl of 2 M KOH and 140 μl Dimethyl sulfoxide (DMSO, cat #D8418, Sigma Aldrich). After the re-suspension of the turquoise-bluecolored solutions, absorbance values were read in a plate reader spectrophotometer operating at 620 nm.
Phagocytosis assay
Phagocytosis of stained yeast cells (Saccharomyces cerevisiae) by Nile tilapia leukocytes cultured with different Gln concentrations was evaluated according to the procedures of Ainsworth and Chen [32] , with modifications. First, 1.5 g of dried yeast was hydrated in 10 ml of PBS and then autoclaved for 15 min to sterilize the medium and kill the yeast. The cell suspension was mixed with 0.1% Trypan blue in a 1:1 ratio, and was allowed to stain for 15 min at room temperature. The resulting solution was washed several times with PBS, adjusted to 2 × 10 8 cells mL −1 and stored at 4°C until used. Five hundred microliters of the leukocyte suspension were mixed with 50 μl of autoclaved dyed yeast suspension (providing yeast cells:leukocytes ratio of 4:1) and incubated in a microtube at room temperature for 60 min. A light microscope and a hemocytometer were used to enumerate the cells and the phagocytes with at least one yeast. The total number of engulfed bacteria per phagocyte was recorded as well. Phagocytic index (PI = total engulfed yeast ÷ total phagocytes) and (PA = number of phagocytes with engulfed yeast × 100 ÷ total phagocytes) were computed for both chambers of the hemacytometer and their average value used in phagocytic activity equations. This procedure was performed with six replicates for each treatment.
Bactericidal assay
The Streptococcus iniae primary culture was kindly donated by the Aquatic Diagnostic Laboratory (Department of Pathobiological Sciences, School of Veterinary Medicine -Louisiana State University) and stored frozen in 20% glycerol prior to use. The bacteria was cultured and incubated in brain heart infusion broth (BHI, cat # 53286, Sigma Aldrich) for 18 h at 27°C. The bacterial broth was centrifuged at 200 × g for 10 min, and then the bacteria pellet was washed once in phenol-free Hank's balanced salt solution (HBSS, cat # 55037C, Sigma Aldrich) (pH 7.4) for 10 min and re-suspended in 5 mL of HBSS. Bacteria solution was then adjusted to 0.5 optical density at 540 nm.
The ability of leukocytes to kill S. iniae was evaluated at different Gln media concentrations according to the procedures of Secombes [30] and modified by Shoemaker et al. [33] . The leukocyte primary culture was incubated for 2 h, then washed twice with 200 μL of CCM, and supplemented with corresponding treatments into sets of 12 wells. The bacterial suspension was added to the plate (20 μL to each well) and then centrifuged at 150 × g for 5 min. The combined cell cultures (leukocyte + bacteria) were incubated at 27°C for 0 h (control) and 2.5 h. After each incubation period, supernatants were removed and leukocytes lysed with 50 μL of 0.2% Tween 20 (cat #H285, Mallinckrodt) solution. Fresh BHI was added (100 μL) to each well, and the plate was further incubated for 18 h at 27°C in an orbital incubator. After the incubation period, 20 μL of thiazolyl blue tetrazolium bromide (MTT, cat #M2128, Sigma Aldrich, 5 mg mL −1 ) were added per well and the plate incubated for an additional 15 min. The plate was then read at 620 nm. Bacterial concentrations were calculated by comparing the absorbance (ABS) obtained for each well to a standard curve previously constructed. Bactericidal capacity (% killing = bacteria 0 hbacteria 2.5 h × 100 ÷ bacteria 0 h) was computed for each well and presented as mean % killing per treatment.
Lymphocyte primary culture
Lymphocytes were isolated from peripheral blood (PBL), as previously described by Miller and Clem [34] . Briefly, Nile tilapia blood (∼10 mL) was diluted in a ratio of 1:2 with PBS, then 5 mL were layered over 4 mL of Lymphoprep™ (cat # AXS-1114544, Cosmo Bio USA), centrifuged at 350 × g for 25 min at room temperature, and lymphocytes were recovered from the interface. Cells were washed with sterile PBS at 600 × g for 10 min. The resulting cell pellet was re-suspended in 1 mL of CCM, enumerated and checked for viability (> 95%). Lymphocyte concentration was adjusted to 2.5 × 10 6 cells mL −1 and 190 μL were added to eight replicate wells of a sterile round-bottom 96-well microplate.
Proliferation assay
The proliferation of PBL upon stimulation with non-specific mitogen was evaluated using the colorimetric assay based on the tetrazolium salt MTT (3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl tetrazolium bromide), as described by Mosmann [35] , with modifications. Briefly, supplemented media were added to appropriate wells (sets of eight for each treatment) of PBL primary culture plates as indicated earlier. 
Amino acid utilization
Amino acid levels in CCM were evaluated as indirect assessments of amino acid utilization during bactericidal and proliferation assays. Supernatants of cell culture media were sampled at 0 h and after the bactericidal (2.5 h) and proliferation (18 h) assays. The samples were frozen and kept at −80°C until further analysis. Amino acid levels in culture media were determined using ultra performance liquid chromatography (UPLC-Acquity system ® , Waters™, Milford, MA) and the commercial kit MassTrak™ (cat # 186004094, Waters™) following established methodology [36] . The MassTrak kit uses pre-column derivatization of AAs with a 6-aminoquinolyl-Nhydroxysuccinimidyl carbamate tag (AccQTag), followed by reversed-phase UPLC on a C18 column (1.7 μm; 2.1 × 150 mm) and UV detection at 260 nm. Samples were deproteinized with 1.5 M HClO 4 (cat # 9552-05, J.T. Baker, Phillipsburg, NJ) and neutralized with 2 M K 2 CO 3 (cat #P5833, Sigma Aldrich) before derivatization.
Statistical analysis
All analyses were conducted using the Statistical Analysis System (SAS ® , 9.2v, SAS Institute Inc. Cary, NC, USA) software. Data were subjected to an analysis of variance (ANOVA) to determine whether the inclusion of Gln significantly (P < 0.05) affected the observed responses; in addition, a follow-up trend analysis using orthogonal polynomial contrasts was performed to determine whether the significant effects were linear and/or quadratic. Treatment effects were considered significant at P ≤ 0.05. Data also were subjected to regression analysis using the linear broken-line model [37] (PROC NLIN) to estimate the minimum level of Gln supplementation in the culture media for Nile tilapia leukocytes that provided optimal respiratory burst (intracellular and extracellular), phagocytic, bactericidal and proliferative responses.
Results
Respiratory burst
The intracellular anion superoxide production increased 2.2-fold upon Gln supplementation at 1.5 mM, but further addition of the amino acid to the media did not elicit any additional improvement (Fig. 1A) . Extracellular anion superoxide production by Nile tilapia leukocytes ranged from 1.09 to 1.29 nmol mL −1 and also showed statistical differences among the treatments (Fig. 1B) . On subjecting the respiratory burst data to a linear broken-line regression model, breakpoints were found at 1.24 and 0.5 mM Gln for intracellular and extracellular superoxide anion production, respectively (Fig. 1 ).
Bactericidal activity
The ability of leukocytes to kill S. iniae was responsive to Gln supplementation in the culture media (Fig. 2) . Unlike the other parameters, the bactericidal activity followed an upward linear pattern achieving the best result with the highest Gln level (2.5 mM).
Phagocytosis assays
Phagocytic index (PI) and phagocytic activity (PA) were positively affected by Gln supplementation levels as compared to the control media. Phagocytic activity increased 62% upon Gln supplementation at 1.5 mM, but further supplementation did not elicit additional improvements. According to the linear broken-line regression model, the minimum Gln requirements for maximum PI and PA of Nile tilapia isolated leukocytes were 0.94 and 1.29 mM, respectively (Fig. 3) . 
Cell proliferation assay
The proliferation of Nile tilapia PBL to lipopolysaccharides was positively modulated when Gln was supplemented to the culture media regardless of the amino acid concentration. On subjecting the PBL proliferation data to a linear broken-line regression model, a breakpoint was found at 0.71 mM Gln (Fig. 4) .
Amino acid utilization
The amino acid utilization by Nile tilapia immune cells was affected by both the bactericidal and proliferation assays. As to the bactericidal assay after the incubation period with S. iniae, the total amino acids in the culture media significantly decreased by 30% when compared to the initial composition. The differences observed were mainly driven by four amino acids (Table 1) . Gln concentration decreased from the original levels by 70%. Together with Gln, histidine and phenylalanine experienced remarkable reductions in concentration (71 and 46%, respectively). On the other hand, lysine increased 129% although this level was not significantly (P = 0.059) different from the initial value. Fig. 2 illustrates Gln consumption and the dose-response correlation between Gln supplementation level and the killing capacity of Nile tilapia leukocytes against S. iniae after the 2.5-h incubation period.
The changes in amino acid levels in the media after PBL proliferation assays followed a similar pattern as that observed for the bactericidal assay. The total amino acids in the culture media significantly decreased by 26% from the original level after PBL proliferation, and it was also driven by four amino acids, namely histidine, Gln, methionine and phenylalanine (Table 2 ). Similar to the bactericidal assay, Gln significantly decreased from the original levels, presenting a 30% reduction. Fig. 4 illustrates the dose-response correlation between Gln consumption and the proliferation of Nile tilapia PBL after the 18-h incubation period.
Discussion
The immune system has a complex set of defense mechanisms that involve multiple cellular and humoral components of both innate and adaptive immune components [10, 38] . Different from higher vertebrates, the immune system of fish relies more on the innate response to constantly combat and kill invading microorganisms [39] . In this scenario, the macrophages are immune cells that play a key role during the early phase of infection, because they not only modulate the activation and migration of other leukocytes by secreting cytokines, but they also play pivotal roles in the phagocytosis process and antigen presentation [40] [41] [42] [43] .
In the present study, phagocytic activity was modulated by Gln supplementation to the culture media. This finding is consistent with previous studies with mammals that found positive responses when Gln was added to the media. It is known that Gln can promote macrophage and monocyte phagocytosis by acting as an energy source and increasing cellular adenosine triphosphate (ATP) [44] . Monocytes cultivated under reduced Gln allowances have shown low ATP levels. The depletion of ATP levels can modify the organization of the cell structure, which possibly affects antigen expression and phagocytosis [45] . A protective effect of Gln on intracellular ATP levels has already described in endothelial cells during oxidant injury [46] . A sufficient supply of extracellular Gln is also required for the maximal production of interleukin-6 (IL-6) and IL-8 by human monocytes and of IL-1 and TNFα by murine macrophages [47] , as well as major histocompatibility complex (MHC) class II expression and antigen presentation to T-lymphocytes [45] . In addition, phagocytic uptake of complement opsonized Escherichia coli and sheep red blood cells, as well as unopsonized zymosan, seems to be directly influenced by Gln availability [15, 45, 48] . On the other hand, results obtained by Pohlenz et al. [5] found that an enhanced phagocytic activity by channel catfish cells was only observed when Gln worked synergistically with arginine, demonstrating a Fig. 4 . Glutamine (Gln) consumption and proliferation capacity upon nonspecific stimulation of Nile tilapia lymphocytes isolated from peripheral blood and incubated with complete culture media (CCM) either without or with supplemented levels of Gln. A linear trend was found according to the orthogonal polynomial contrast analysis. Error bars represent standard error (SE). Table 1 Amino acid profile (nmol mL ) of the culture medium before and after bactericidal assay with Nile tilapia leukocytes and S. iniae. Values represent means of 12 replicate wells. P.S.E., pooled standard error. Values represent means of 12 replicate wells. P.S.E., pooled standard error.
potential species-related response. Therefore, it is possible that the increased phagocytic activity observed in the present study was driven by an adequate supply of energy to the cells, as well as an enhanced expression and release of key cytokines, however further research is needed to evaluate the latter notions. Based on the elevated phagocytic activity provided by Gln supplementation, a higher production of oxygen free radicals via respiratory burst and, consequently, an increased bactericidal activity were expected. The respiratory burst involves a sudden stimulus-induced increase in non-mitochondrial oxidative metabolism that results in the production of the superoxide anion and associated reactive oxygen species [49] . Indeed, the results found in the present study showed a 2.2-fold increase in the absorbance values for intracellular superoxide anion production when the culture media was supplemented with at least 1.5 mM Gln, and a dose-dependent increase in the bactericidal activity against S. iniae.
During the synthesis of reactive species and nitric oxide, the enzymes responsible for their production require NADPH. Glutamine can generate considerable amounts of NADPH for basal cellular requirements through catabolic metabolism involving NADP + -dependent malate dehydrogenase, as demonstrated by Costa Rosa et al. [50] . In this study, the authors observed an inhibition of glucose 6-phosphate dehydrogenase in rat macrophages by adrenaline, but NADP + -dependent malate dehydrogenase was activated under the same conditions. Therefore, a considerable proportion of NADPH generating capacity was provided via Gln oxidation, which may have shifted some of the burden of NADPH production from the pentose phosphate pathway to Gln metabolism. An alternative hypothesis is an energy sparing effect of macrophages by not expressing Gln synthetase (GS). An inhibitory feedback of Gln synthetase mRNA expression is found by muscle cells when extracellular levels of Gln is higher than 2 mM [51] . Moreover, GS was found to be expressed by some specialized macrophages for different mammal's species [52, 53] , but no published information to date described GS on fish macrophages. In addition, Gln carbon skeleton can be used for amino acid synthesis de novo, required by macrophages and monocytes for NO production via arginine synthesis. Considering that arginine derived from Gln seems to be essential for the activity and killing capacity of murine macrophages [54] , its supplementation to the medium may have contributed to higher NO − production and, consequently, higher percentage of bactericidal activity. Further studies addressing the production of NO − by stimulated Nile tilapia leukocytes under different levels of Gln in the culture media may help validate this hypothesis. In the present study, Gln was highly utilized by tilapia leukocytes during the immunological events. This result is in agreement with previous metabolic investigations in which monocytes and macrophages presented high demand for Gln [5, 44, 45] . Besides its role as an energy source for these cells, Gln provides intermediates in the biosynthesis of purine and pyrimidine nucleotides, which are required in the synthesis of nucleic acids for the production of DNA and RNA. Spittler et al. [45] described that the synthesis of RNA by human macrophages was significantly influenced by the concentration of Gln available in culture medium. The synthesis of RNA in the macrophage and monocytes is important for the production of specific proteins, including secretory proteins such as IL-l, lysosomal enzymes, and membrane proteins, being essential to the efficient functioning of the primary immune response [15] .
The adaptive immune defense mechanism of fish is based on humoral and cell-mediated responses similar to higher vertebrate systems, including analogous T-and B-lymphocyte populations capable of eliciting specific immune responses against a diversity of antigens. This system can develop immunological memory, which is correlated to the initial activation and expansion of naïve lymphocytes after antigen presentation, cytokine stimulation and co-stimulation by membrane receptors [35, 55] . In the present study, lymphocyte proliferation capacity upon non-specific mitogenic stimulation was modulated by Gln supplementation to the culture media. Our results are in agreement with previous in vitro proliferative assays using rat [43, [56] [57] [58] and human lymphocytes [48, 59] . As an essential precursor for the synthesis of purine and pyrimidine nucleotides, Gln is required for proliferation of lymphocytes [16, 18, 57, 60] . Also, stimulated rat lymphocytes showed that protein and RNA synthesis are dependent upon the Gln concentration in the culture medium [61] . It is also worth noting that the release of IL-2 by activated T-lymphocytes plays a central role in the control of T-cell proliferation [62] . According to Calder and Newsholme [63] , the presence of IL-2 in the culture medium of stimulated rat lymphocytes seems to be Gln-dependent. This result suggests that Gln may stimulate lymphocyte proliferation by promoting IL-2 production. However, the essentiality of Gln for mammalian lymphocyte cultures is already established, and conflicting results were found among fish species. In the present study, Nile tilapia lymphocytes responded to Gln supplementation in a similar fashion as previously reported for channel catfish [5] and common carp [25] , but differently from snapper [27] , or rainbow trout [26] , which do not seem to require Gln to proliferate lymphocytes.
Besides the aforementioned effects of Gln on the fish immune parameters, other amino acids also may have marked influences on the ability to kill pathogens and proliferate. Indeed, the amino acid analysis performed on culture media showed that Gln, histidine and phenylalanine were highly used up by Nile tilapia leukocytes during the bactericidal assay. A similar pattern was observed after the proliferation assay; however, the methionine levels also decreased after mitogen exposure. The significant consumption of amino acids after bactericidal activity and PBL proliferation observed in the present study (Tables 1  and 2) are consistent with earlier studies on mammalian [17, 64] and fish cells [5] . According to these reports, 15 amino acids are necessary for optimal in vitro proliferation, DNA synthesis and survival of lymphocytes, including Gln, arginine, isoleucine, leucine, lysine, methionine, threonine, tryptophan, valine, tyrosine, histidine, cysteine, phenylalanine, serine and alanine [17] .
Histidine may have been consumed in high amounts due to its ability to regulate several biological processes such as cell adhesion and migration, complement activation, immune complex clearance and phagocytosis of apoptotic cells [65] . Additionally, after decarboxylation, histidine gives rise to histamine, a primary mediator of inflammatory reactions and cell signaling [66, 67] . However, only a limited number of in vitro studies have shown the effects of histidine on immune response. According to Duval et al. [68] , the supplementation of 2 mM-histidine to the culture medium prevented apoptosis, increased cell growth and promoted antibody production in murine B-lymphocytes. Phenylalanine also was consumed in high amounts by both Nile tilapia's macrophages and lymphocytes. This amino acid has a pivotal role in NO synthesis by leukocytes because it up-regulates the expression and activity of GTP cyclohydrolase I, which is the first and ratecontrolling enzyme for the synthesis of tetrahydrobiopterin, an essential cofactor for NO synthase [69, 70] . Activated macrophages produce nitric oxide to eliminate pathogens during the respiratory burst. Because Gln supplementation enhanced bacterial killing and the production of oxygen free radicals, phenylalanine also could have been highly consumed to support the enhanced phagocytic activity observed in the present study. In addition to its role in NO − synthesis, phenylalanine degradation generates tyrosine, an immediate precursor for the synthesis of catecholamine hormones, thyroid hormones, as well as dopamine and melanin [71] . These hormones can stimulate Th1 cells and B cell proliferation [72] , regulate the metabolism and differentiation of leukocytes and monocytes [73] , induce the production of anti-inflammatory cytokines by leukocytes, and regulate the phagocytic activity of neutrophils [74, 75] . As to methionine, it is known that a sufficient intake of this amino acid is necessary for the synthesis of proteins of the immune system [76] . Methionine concentration also presented a significant decline in the culture medium after PBL mitogen exposure. This amino acid is essential for the proliferation and differentiation of lymphocytes because it is a donor of the methyl group that participates in the methylation of DNA and proteins, the synthesis of polyamines, and regulation of gene expression [77, 78] ; thus, it plays a role beyond just being a protein constituent [10] . Furthermore, methionine is a substrate for the synthesis of choline and thus phosphatidylcholine and acetylcholine that are essential for leukocyte metabolism [71] .
In conclusion, results of the present study corroborate and extend understanding on the influences of Gln on Nile tilapia immune cell function. Different levels of glutamine supplementation were required for optimal responses of both branches of the immune system, enhancing the phagocytic activity and bacterial killing capacity of activated macrophages and the proliferation of mitogen-induced lymphocytes in vitro. Finally, the amino acid analysis performed on culture media after cell stimulation showed that both bactericidal and proliferative capacities were responsive to Gln supplementation. These positive results are promising for fish immunonutrition and renders Gln as a potential functional amino acid for aquafeeds. However, further research is still necessary to evaluate the effects of glutamine supplementation in vivo, especially under intensive farming conditions, where stress usually leads to immunosupression and economical losses.
